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Abstract 
A computational fluid dynamics (CFD) simulation of a Rushton impeller mixing water inside a baffled vessel was used to input 
steady state fluid drag forces into a discrete element method (DEM) simulation of a fine quartz particle of 60 μm freely moving 
inside the vessel. To validate the simulated behaviour of the particle, a modular positron emission particle tracking (PEPT) 
camera was used to track a real quartz particle of a diameter between 53 and 63 μm. The particle used as the tracer was created 
from a 1180 μm particle labelled with 18F radionuclide inside a cyclotron beam. A comparison of typical trajectory and velocities 
of the particle for both the model (CFD-DEM) and the measurement (PEPT) is presented. The results show that the simulation 
approach used is suitable to represent the behaviour of small particle of this type in water like fluid as similar trajectories and 
velocities are present. 
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1. Introduction 
Mixtures of particles and fluids are found in many chemical and physical processes. A considerable amount of 
these processes, and associated equipment, have been developed through empirical iterations. To further improve 
these processes or to develop new equipment, more and more iterations are required. Increases in computational 
power now make simulated design iterations possible. Validation of the technique used for making these simulated 
iterations is important and should be done as soon as possible as a new modelling approach is used. This ensures that 
this approach will lead to a valuable simulation of the process taking place, especially in fluid particle flow 
simulations. 
Some computational fluid dynamic (CFD) and discrete elements method (DEM) simulations of different fluids 
and particles flow process have been published in the past few years [1, 2, 3, 4]. This CFD-DEM approach is 
interesting and requires more exploration. 
An appealing small scale experiment to simulate with the CFD-DEM approach is the water filled baffled tank 
stirred by a Rushton impeller. It is interesting as a large volume of literature has been published on empirical 
measurements of the mixing flow of fluid and particles measured using particle image velocimetry (PIV) [5], laser 
Doppler anemometry (LDA) [6, 7], computer-automated radioactive particle tracking (CARPT) [8] or positron 
emission particle tracking (PEPT) [9, 10, 11, 12]. Simulation of this mixing process by CFD with turbulence 
modelling based on large eddy simulation (LES) [13, 14] or Reynolds averaged Navier-Stokes (RANS) [15, 16] has 
also been reported. This amount of available literature make the mixing vessel experiment a good start to validate the 
approach to be used in future fluid-particles flow simulations. 
This work on the mixing vessel aims to validate the first steps of the CFD-DEM approach to be used to model 
small particles (60 μm) behaviour in water. This validation will lead to the use of this modelling approach into more 
complex models of liquid and small particles mixture such as can be found in mineral processing applications, 
including gravity concentration. This specific application typically uses a mixture of water and particles (25 to 1000 
μm) with a high solids concentration (5 to 40 % solids by mass). 
2. Technique  
The model was built by first creating a computational fluid dynamics (CFD) simulation of the water stirred by the 
Rushton impeller. Then, the result of this CFD simulation was used to determine the force applied to the particles 
inside a discrete element method (DEM) simulation in which the trajectory of the particles is calculated with respect 
to time. As a validation of the approach, the real trajectory of a quartz tracer mixed inside a water filled vessel stirred 
by a Rushton impeller is recorded with the positron emission particle tracking (PEPT) technique. 
2.1. Computational Fluid Dynamics 
Different approaches have been applied to the CFD modelling of a mixing tank stirred by a Rushton impeller [4, 
17, 18, 19, 20, 21, 22, 23]. Here the simulation used the Reynolds Averaged Navier-Stokes (RANS) technique and a 
k-ɛ turbulence model to describe the unsteady and turbulent flow problem. The free surface of the tank is a two fluid 
interface (air-water) which is taken into account in the simulation. 
2.2. Discrete Element Method 
Discrete element method [24] is a numerical iterative technique to track the motion of each particle composing a 
bulk. The interactions between particles are followed contact by contact (particle-particle or particle-geometry) for 
each iteration. A contact model is used to calculate the forces involved in these contacts. In this work, the non-linear 
elastic Hertz-Mindlin contact model was used [25]. The summation of the forces on a single particle was then 
conducted. At this moment, it is possible to input other forces (e.g. buoyancy, drag, magnetism) to the force balance, 
thus including the effect of a fluid or a field on the particle behaviour. The net force is then used to compute the 
velocity and acceleration of the particle for the iteration's time using Newton's second law, hence the particle’s 
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displacement can be determined. The potential in CFD-DEM is that a high solids concentration can be modelled and 
the effect of solids on the fluid flow and solid-solid interaction can be described [26]. 
In the present case, a one way coupling between the CFD and the DEM simulation was conducted. The fluid flow 
pattern was solved without an included particle (solid) phase. The fluid velocity field was then used to input drag 
force inside the DEM simulation. This study targeted only one particle as an initial simulation. The particle will then 
be most likely affected by buoyancy and fluid drag rather than particle-particle or particle-geometry contact. The 
main reason for the single particle simulation is that the PEPT measurement has been done with a single particle (53 
to 63 μm) inside the fluid (water). There is little published literature about CFD-DEM with particles smaller than 1 
mm in diameter [2, 27, 28, 29, 30] and many of them use a gas as the fluid rather than a liquid. 
2.3. Positron Emission Particle Tracking 
Positron emission particle tracking (PEPT) was developed at the University of Birmingham, UK [31, 32] and has 
been described in detail by Leadbeater et al. [33, 34]. PEPT is based on tracking an individual particle labelled with 
a positron emitting radionuclide. There are different methods to label particles: direct activation (as used in this 
study), surface modification [35] and ion exchange [36]. The advantage of the direct activation technique is that it 
allows a particle of the same composition as the bulk to be used as tracer. This is of particular importance in process 
where surface chemistry plays an important role, such as the separation of minerals through flotation or when the 
density of the particle is involved in the process of mixing. 
In direct activation, the selected particle is placed within a 3He cyclotron beam thus transforming some oxygen 
atoms of the particle to 18F via the competing capture reactions [37]. The 18F loaded on the tracer particle has a half 
life of 110 minutes and decays through β+ decay in which proton rich nuclei (18F in this case) emit positrons. 
Annihilation of each positron occurs when they come into contact with an electron, producing two γ rays (511 keV 
each) which are emitted back to back (180° ±0.5°). The detection of these γ rays by detectors located close to the 
experimental set-up allows a Line of Response (LoR) to be generated in 3D as shown in Fig. 1.  
A single LoR generation is called an event, and multiple events are recorded over a short interval of time. These 
events can be separated into groups of a fixed number (N) of LoRs. Some of these LoRs are corrupt events caused by 
scatter, random coincidences, etc. [33]. After the removal of these corrupt events by the PEPT iterative triangulation 
algorithm [32], the remaining fraction (f) of the LoRs intersect close to one single point (the origin of the γ rays). 
This location is assumed to be the tracer particle position at this point in time. Recording the tracer position over 
time allows a number of parameters to be determined; including the trajectory and velocity. 
Recently, PEPT has evolved to the point where modular detectors blocks can be used in different configurations 
[38, 39]. A modular detector assembly composed of 12 ECAT951 detector blocks arranged in a double annular 
pattern with diameter of 400 mm was used in this study. Fig. 1 presents a schematic of this assembly with a set of 
four LoRs originating from a tracer inside the field of view (FOV) of the assembly. Tracking precision of 53 to 63 
μm tracer with this assembly reaches 2.2 mm in x, 0.5 mm in y and 2.5 mm in z with a location frequency of 10 Hz 
for a tracer moving at 37.7 cm/s (Boucher 2014, unpublished work). This performance was recorded in a non-
optimal case and is lower than what could be expected. 
 
Fig. 1. Schematic of a set of four LoRs originating from a tracer inside the modular detector assembly. 
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3. Experiment 
This section describes the experimental set-up and process used for the CFD and DEM simulation as well as the 
PEPT experimentation. 
3.1. Mixing vessel geometry 
A two litre cylindrical glass beaker (Kimble Chase, Model 14000-2000) equipped with four vertical baffles (every 
90°) was used as the vessel. A standard Rushton impeller with six paddles was used and rotational speed was set 400 
rpm with a digital mixer (Caframo, BDC 1850). The water volume in the container was 1200 ml (providing a water 
height H of 100 mm). The schematic and dimensions of the container and impeller are shown in Fig. 2. The same 
dimensions were used for the CFD and DEM simulations. 
 
Fig. 2. Schematic of the baffled vessel and the Rushton turbine 
3.2. CFD simulation 
The water and air initial geometry (bounded by the beaker, baffle, impeller and shaft) was created in 
SolidWorks®. ANSYS® CFX® was then used for the simulation of the fluid mixing inside the vessel. A two-
domain approach was used with each mesh sized accordingly around the impeller blades and the wall baffles. The 
first domain was a rotating (400 rpm) cylinder encompassing part of the water and all of the impeller whose surfaces 
were set as fixed walls (no slip) as a boundary condition. The other domain (fix) was the remaining water and air 
(multiphase) in the tank with the shaft surface set as a rotating wall (400 rpm). The other boundary conditions for 
this second domain were the beaker surface and baffles, set as fixed walls with no slip. The tank top was set as an 
opening at constant atmospheric pressure. The summary of the parameters used in the CFD simulation are presented 
in Table 1 which provides also information on the mesh sizing determined by a sensitivity analysis. The problem 
was resolved for six different impeller angular positions (0°, 10°, 20°, 30°, 40°, 50°) providing six different 3D 
velocity fields that are used to recreate the rotation of the velocity field in the DEM simulation based on the rotation 
speed of the impeller and the DEM iteration time. 
Table 1. Summary of the CFD simulation parameters 
Parameter Value 
Water Viscosity 0.001003 kg/(m s) 
Water Density 997 kg/m3 
Air Viscosity 0.00001983  kg/(m s) 
Air Density 1.185 kg/m3 
Mesh Element Type Tetrahedral 
Number of element (Domain 1) 186 314 
Number of element (Domain 2) 798 782 
Reference pressure  1 atm 
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Buoyancy reference density 1200 kg/m3 
Temperature Constant 25 °C 
Heat Transfer  Homogenous 25°C 
Turbulence model k-ɛ 
Gravity 9.8 m/s2 
3.3. DEM simulation 
The same geometry than for the CFD simulation was used. A simulation of the spherical particle inside the 
mixing vessel was carried with the DEM software EDEM® (DEM Solution, Edinburgh, UK). The particle was 
generated randomly in the region below the impeller, where it is more prone to be captured by the mixing flow. 
The velocity field obtained from the CFD simulation was used to interpolate the absolute water velocity at every 
particle position. This absolute water velocity (vCFD) was used in conjunction with the absolute particle velocity 
(vParticle) to determine the relative water velocity (v) seen by the particle (Equation 1). The drag force (FDrag) created 
by the water on the particle was then computed with Equation 2 including the particle diameter (D), the viscosity of 
water (μ) and the drag coefficient (CD) based on the Reynolds number (Re) selected from Equation 3. This drag force 
was combined with the buoyancy force for the vertical y axis. The buoyancy force is function of water density (ρ) 
and particle density calculated from the particle mass (mP) and volume (V). The total force to be applied to the 
particle was provided by Equation 4. The input was done via the EDEM® field data coupling interface. The 
summary of the parameters used in the DEM simulation are presented in Table 2. 
  (1) 
 
 
(2) 
 
 
(3) 
 
 
(4) 
 
Table 2. Summary of the DEM simulation parameters 
Parameter Value 
Particle shape Spherical 
Particle diameter 60 μm 
Particle density 2 650 kg/m3 
Particle material Quartz (SiO2) 
Poisson's ratio 0.17 
Shear modulus 31.1 GPa 
Number of particles 10 
Grid size 1.5 mm 
Number of cells 820 956 
Contact model Hertz-Mindlin 
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Gravity 9.8 m/s2 
Rayleigh time step 4.41 × 10-7 s 
3.4. PEPT setup and tracer preparation 
Quartz sand particles (specific gravity of 2.65, general chemical formula: SiO2) from Unimin (USA) were used as 
the irradiated tracers, due to this material being prone to activation by the 3He cyclotron beam. Also, quartz is found 
in many mineral processing circuits as either waste or (less commonly) as the valuable mineral, hence relating the 
experiment to mineral processing research. The particles activated in the Birmingham University cyclotron were 
between 1180 and 1700 μm in diameter for ease of handling as well to for prevent vaporization of the particle under 
heat. As this investigation targeted the motion of smaller tracers, these larger particles were broken after activation 
resulting in smaller particles. A rubbing action breakage of the large particle was conducted using a brass hammer 
and anvil. This method provides smaller particles originating from the surface of the initial particle. After breakage, 
particles were sized to the desired diameter (53<Ø<63 μm) using standard screens. An artist's brush, with a single 
remaining hair, was then used to pick up individual particles under the field of view of an optical microscope. Once 
isolated, the particles’ activity was measured and one with the highest activity (2400 cps) was directly inserted into 
the water of the vessel already positioned inside the modular detector assembly, shown in Fig. 3. Recording was 
done while the impeller rotated at 400 rpm for few minutes. The raw data were then treated with a tracking algorithm 
[32] to provide the locations of the tracer over time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Mixing vessel inside the modular detector assembly 
4. Results and discussion 
Fig. 4 provides a 2D view of a slice of one of the six (similar) velocity fields retrieved by the CFD simulation. 
The expected pattern of water moving out of the impeller's paddle and being recirculated over and below the 
impeller plane is present. 
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Fig. 4. 2D view of the velocity field retrieved by CFD for the water mixing inside the baffled container. 
Fig. 5 shows a sample (4 s) of the 60 μm particle motion modelled with CFD and DEM. The particle is seen 
making two loops under the impeller following the mixed water velocity field pattern. To compare this behaviour, 
Fig. 6 shows a sample (2.7 s) of the trajectory of the quartz tracer (53 to 63 μm) recorded by PEPT. The trajectory 
has some irregularities due to the low number of locations as the particle size and activity are at the limit of the 
tracking. The tracer is shown making two loops in the water below the impeller. The PEPT tracer is also going closer 
to the bottom of the vessel than for the simulated Fig. 5. This has been observed in most of the simulated runs and 
might be related to the buoyancy relationship seen in Equation 4. 
 
Fig. 5. A 4 s sample of the trajectory of the 60 μm particle in the DEM simulation of the water filled baffled container. 
1312   Darryel Boucher et al. /  Procedia Engineering  102 ( 2015 )  1305 – 1315 
 
Fig. 6. A 2.7 s sample trajectory of the PEPT tracer (53 to 63 μm) inside the real water filled baffled container. 
Fig. 7 shows the tracked radial position (central axis = 0 mm) of the particle over one full loop and is compared 
with a simulated full loop. Fig. 8 shows the absolute velocity of the particle calculated by a six point method for the 
loops of Fig. 7. The absolute velocity pattern is the same for the simulation than for the measurement with the larger 
value situated when the particle is pushed outside by the impeller (rapid increase in radius in Fig. 7). The values for 
velocity are similar during the push by the impeller but are slightly different (simulation has lower velocity) when 
the particle is further away from the central axis (larger radius on Fig. 7). This could potentially explain the longer 
bulge shape of the simulated trajectory of Fig. 7. 
 
Fig. 7. Comparison of the CFD-DEM and PEPT trajectory over a single loop. 
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Fig. 8. Comparison of the CFD-DEM and PEPT velocity over a single loop. 
The two differences between the model and the measured motion (the lower velocity of the modelled particle and 
the tendency of the modelled particle to stay higher in the mixing vessel) have been observed on many loops. The 
first might be related to the drag relationship used to determine the force carrying the particle, as the drag coefficient 
of a perfect sphere is used in the DEM model. The quartz particle used as tracer is expected to have an irregular 
shape, thus experiencing more drag than a sphere of the equivalent size.  This would result in a greater velocity for 
the tracer (i.e. real) particle. Further simulations with different drag relationships will be investigated. For the second 
difference, the modelled particle may remain higher in the mixing vessel as there is the chance that it will always be 
"caught" by the same eddies.  There appear to be no random direction changes or turbulent flow effects present in 
the trajectory. Such effects have been seen in the real fluid upon mixing. Using other turbulence models may provide 
a more realistic flow pattern for this application. 
4. Conclusion 
A CFD simulation of water mixed with a Rushton impeller inside a baffled vessel has been used to provide fluid 
drag force on a DEM simulation of 60 μm quartz spherical particle. The motion of the particle inside the fluid was 
then retrieved. A validation of the CFD and DEM combined model has been done by recording a quartz particle (53 
to 63 μm in diameter) motion in a mixing vessel. The PEPT tracking was performed with a modular assembly of 
ECAT 951 detectors. 
Correlation between the simulation and the tracking of the motion is in accordance in terms of typical trajectory 
(looping). Some parameters such as the velocity of the particle (related to the drag relationship) and its buoyancy 
need to be improved and PEPT measurements can be used to inform the choice of parameters used in the model. But 
overall, the behaviours retrieved by the model (velocity, displacement inside the vessel) are in the same range as the 
real motion recorded by PEPT. 
It is important to note that the effect of the viscosity of the fluid needs to be taken into account as high particle 
content will have an effect on viscosity. More experiments with higher solid density are expected to provide more 
details about this effect. Finally, the CFD and DEM approach used shows the interest and potential in modelling of 
small particle motion inside a moving fluid. 
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